INTRODUCTION
LTRASONIC NONDESTRUCTIVE TESTING has become the method of choice Ufor the quality assurance of advanced composite materials. This inspection usually involves an immersion C-scan procedure with defect identification based on an analysis of the reflected wave amplitudes. This procedure works well for identifying gross composite defects. However, in many cases, one is concerned with more subtle defects (e.g., porosity, local variation in fiber orientation, segregation of reinforcing fibers, etc.); defects which are difficult ot identify with conventional data analysis procedures. Since defects such as these will principally affect the local moduli, ultrasonic velocity measurements are quite useful in analyzing these types of problems [1] . Further, since fiber reinforced composites are anisotropic materials, one would ideally like to examine directional dependence of the properties by measuring all pertinent elastic moduli. This is particularly important for those moduli largely influenced by the fiber reinforcement. Previous investigators have performed the ultrasonic tests required to completely characterize all five elastic moduli for transversely isotropic materials and all nine elastic moduli of orthotropic materials [2] [3] [4] [5] . However, this procedure is rarely used in practice for several important reasons.
These tests were all conducted using contact transducers at normal incidence. This approach, while useful for measurements at a given point, is unsuitable for the scanning of large parts due to the difficulty of maintaining shear coupling as the transducer is scanned. An alternative approach is to use immersion transducers with mode conversion to generate the required waves additional to the longitudinal wave as suggested by Hosten and Tittmann [6] . Unfortunately, the mode conversion approach to the generation of waves in an anisotropic media is significantly more complicated than the isotropic case. Since the generated waves do not have their wave normal along symmetry axes, they will not usually be pure mode waves but rather quasilongitudinal or quasitransverse waves. Furthermore, as has been observed many times in anisotropic media, the energy flux associated with wave propagation will often deviate from the wave normal complicating the problem considerably. A further problem stems from the variation in wave speed with propagation direction in the composite and the associated problem with determining the angle of refraction via Snell's law. While the approach used by Hosten and Tittmann has several drawbacks, notably in ignoring energy flux considerations and the fact that it can't be used for analytical scanning, the basic ideas is sound and may be implemented providing that the details of wave generation at the interface are understood.
Previous work in this area has been quite limited and principally applied to single crystals, not composites. Musgrave [7] Since the fluid cannot support a shear stress, or which yields three equations in three unknowns which can be solved for the reflection and transmission coefficients (R = A,eflAo, TQL = AQL lAo, and TQT = ~QyA4o).
RESULTS AND DISCUSSION
Wave propagation at oblique angles incidence was studied for a graphite-epoxy composite in a variety of configurations. The composite geometry is illustrated in Figure 3 with the fiber reinforcement in the y-z plane. Results are presented for Figure 4 and one of the transverse waves in Figure 5 will not be excited with the experimental configuration under consideration). It is apparent in Figure 5 that the fiber axis is an axis of transverse isotropy with the section of the slowness surface for the longitudinal and shear waves being semicircular.
Results from the calculations are presented in Figures 6-10 . For the parallel incidence case, the variations in velocity, refracted angle and energy flux vector of the generated quasilongitudinal and quasitransverse waves are presented. However, since the plane perpendicular to the fiber reinforcement is a plane of transverse isotropy, the waves generated for the 90 case are pure mode longitudinal and shear waves with no velocity variation with the direction of the wave normal and no energy flux deviation. Accordingly, only the variation in the refracted angle with changing angle of incidence is presented in this case. The data used to characterize each ply of the graphite-epoxy composite are presented in Table  1 . They are identical to those used by Kriz and Stinchcomb [5] and represent the typical behavior of a single composite ply.
One of the principal features of wave propagation in anisotropic media is the variation in velocity with propagation direction. This effect can be quite pronounced in graphite-epoxy laminates as is seen, for example, in Figure 6 directional composite at 0° incidence. It is interesting to note the precipitous rise in the velocity of the quasilongitudinal wave as the first critical angle is approached. This is attributable in large measure to the increasing contribution of the reinforcing fiber to the composite stiffness as the refracted angle approaches 90°. The behavior of the quasitransverse wave, however, is somewhat different in this respect. The variation observed in this case is much less than that of the quasilongitudinal wave with velocity increases to a maximum in the vicinity of the first critical angle and then decreases as the second critical angle is approached. It is not surprising that the variation in velocity of the quasitransverse wave should be appreciably less than that of the quasilongitudinal since the effect of the fibers on the stiffness of the composite in the direction perpendicular to the fiber axis should be much smaller. It is also interesting to note the large deviation in the energy flux vector from the wave normal in these composites (e.g. Figures  7 and 8 ). This is an important factor to consider if through transmission inspection is contemplated. Similar results are observed for the other configurations. Figure 10 present plots of the reflected amplitude (for the longitudinal wave in 
